Nabokina SM, Senthilkumar SR, Said HM. Tspan-1 interacts with the thiamine transporter-1 in human intestinal epithelial cells and modulates its stability. Am J Physiol Gastrointest Liver Physiol 301: G808 -G813, 2011. First published August 11, 2011 doi:10.1152/ajpgi.00269.2011The human thiamine transporter-1 (hTHTR-1) contributes to intestinal thiamine uptake, and its function is regulated at both the transcriptional and posttranscriptional levels. Nothing, however, is known about the protein(s) that may interact with hTHTR-1 and affects its cell biology and physiology. We addressed this issue in the present investigation using a bacterial two-hybrid system to screen a human intestinal cDNA library with the complete coding sequence of hTHTR-1 as a bait. Our results showed that a member of the tetraspanin family of proteins, Tspan-1, interacts with hTHTR-1. Coimmunoprecipitation and glutathione S-transferase (GST)-pulldown assays confirmed the existence of such an interaction between hTspan-1 and hTHTR-1 in human intestinal epithelial Caco-2 cells. Furthermore, live cell confocal imaging demonstrated that hTspan-1 and hTHTR-1 colocalize in human intestinal epithelial HuTu-80 cells. The importance of the interaction between hTspan-1 and hTHTR-1 for cell biology of the thiamine transporter was examined in HuTu-80 cells stably expressing hTHTR-1. Coexpression of hTspan-1 in these cells led to a significant decrease in the rate of degradation of hTHTR-1 compared with cells expressing the hTHTR-1 alone; in fact the half-life of the hTHTR-1 protein was twice longer in the former cell type compared with the latter cell type (12 h vs. 6 h, respectively). This finding was also confirmed at the functional level when a significantly higher thiamine uptake was observed in cycloheximide-treated (6 h) cells expressing hTHTR-1 together with hTspan-1 compared with those expressing hTHTR-1 alone. These studies demonstrate for the first time that Tspan-1 is an interacting partner with hTHTR-1 and that this interaction affects hTHTR-1 stability. thiamine transport; protein-protein interactions; bacterial two-hybrid analysis; protein stability THIAMINE (VITAMIN B1) IS IMPORTANT for cellular functions, growth, and development, functioning as a cofactor (in its diphosphorylated derivative, thiamine diphosphate) for many enzymes and multienzyme complexes involved in carbohydrate and energy metabolism. Thiamine deficiency clinically leads to serious abnormalities that include cardiovascular and neurological disorders (3, 32, 33) . Deficiency and suboptimal levels of thiamine occur in humans affected by chronic alcoholism, diabetes mellitus, and celiac disease among other conditions (14, 26, 34 -36). All mammals require exogenous sources of thiamine to maintain their normal thiamine body homeostasis, as they lack the ability to synthesize the vitamin endogenously. Two exogenous sources of thiamine are available to the host, one being dietary and the other being the normal microflora of the large intestine. Absorption of both sources of thiamine in intestine occurs via a specialized carrier-mediated mechanism that involves thiamine transporter-1 and -2 [THTR-1 and THTR-2; for humans they are referred as hTHTR-1 and hTHTR-2 (reviewed in Ref. 25) ]. Both hTHTR-1 and -2 are specific high-affinity thiamine transporters (7, 9, 10, 24) that also function in other cell types (1, 15, 30) .
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The regulation of the thiamine transporters has been extensively studied at the transcriptional and posttranscriptional levels by us and others in the past decade (reviewed in Ref. 25) . Studies from our laboratory have cloned the 5=-regulatory regions of the human SLC19A2 and SLC19A3 genes (which encode hTHTR-1 and hTHTR-2, respectively), characterized their function in vitro in cultured cells and in vivo in transgenic mice, and identified specific cis-regulatory elements that regulate the activity of the involved promoters (17, 20) . Furthermore, we have demonstrated that the thiamine uptake process is regulated in thiamine deficiency, during early development and during differentiation of intestinal epithelial cells, and that these regulatory events involve, at least in part, transcriptional mechanisms (18, 21, 22) . We have also obtained knowledge of certain aspects of the hTHTR-1 and hTHTR-2 cell biology (5, 28, 29) , which was useful for better understanding of the mechanisms that control membrane targeting and intracellular trafficking of these thiamine transporters.
To date, however, there is nothing known about proteins that may interact with hTHTR-1 and -2, and thus affect their cell biology and physiology. Addressing this issue is important because an auxiliary protein(s) for a given membrane transporter can ultimately affect its physiological function. Examples of membrane transporters that have been recently shown to have an interacting partner include the monocarboxylate transporter (37) , the reduced folate carrier (2) , and the sodiumdependent multivitamin transporter (19) . Our aim in the present study was to investigate possible existence of an interacting partner(s) for the hTHTR-1 in human intestinal epithelial cells. For this, we used a bacterial two-hybrid system to screen a human intestinal cDNA library and identified the human tetraspanin protein, hTspan-1, as an interacting protein partner for hTHTR-1. The interaction between hTspan-1 and hTHTR-1 in human intestinal epithelial cells was confirmed by coimmunoprecipitation and by glutathione S-transferase (GST)-pulldown assays, and these two proteins were found to colocalize in transfected cells by confocal imaging. Our results also showed that this interaction leads to an increase in the stability (halflife) of the hTHTR-1 protein, an effect that is ultimately reflected on cellular thiamine uptake process.
MATERIALS AND METHODS
Materials. The BacterioMatch two-hybrid system, BacterioMatch II human intestinal cDNA library, and vectors were purchased from Stratagene (La Jolla, CA). [ 3 H]-Thiamine (specific activity: Ͼ20 Ci/mmol, radiochemical purity: Ͼ98%) was purchased from American Radiolabeled Chemical (St. Louis, MO). GST-tagged human Tspan-1 was from ProteinTech Group (Chicago, IL). Myc-DDKtagged human Tspan-1 cloned into pCMV6-Entry vector was from OriGene (Rockville, MD). The primary antibodies used in our studies were monoclonal anti-hTspan-1 (M05) antibody (Abnova, Taipei, Taiwan), monoclonal anti-FLAG M2 antibody (Sigma, St. Louis, MO), the Living Colors GFP monoclonal antibody (Clontech, Mountain View, CA), rabbit polyclonal anti-␤-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The rabbit polyclonal anti-hTHTR-1 antibody was as described by us previously (24) . The secondary anti-rabbit or anti-goat antibodies conjugated to horseradish peroxidase were from Sigma. All other chemicals and reagents used in this study were of analytical/molecular biology grade and were purchased from commercial sources. Human-derived intestinal epithelial Caco-2 and HuTu-80 cells were purchased from American Type Culture Collection (Manassas, VA). HuTu-80 cell line stably transfected with hTHTR-1-enhanced green fluorescent protein (EGFP) was generated and characterized in our laboratory (28) .
Bacterial two-hybrid screen. A BacterioMatch II human intestinal cDNA library was screened with the hTHTR-1 following the manufacturer's recommendations. The complete coding sequence of hTHTR-1 (1-497 amino acids) was cloned in frame into the EcoRI/ XhoI of the pBT vector and used as a bait. The screening reportercompetent cells were cotransformed with pBT-hTHTR-1 and pTRGcDNA library plasmids. Positive clones were selected on the medium containing 5 mM of 3-amino-1,2,4-triazole (3-AT) and then verified using the streptomycin resistance reporter. Validation of the detected protein-protein interactions was performed by retransformation of the competent cells with pBT-hTHTR-1 and pTRG from the positive clone.
GST pulldown assay. It is well established that the interaction of tetraspanins with other nontetraspanin proteins occurs mainly through the large extracellular loop (LEL) of the tetraspanin molecule (27) . In our pulldown experiments, we used commercially available GSTtagged truncated Tspan-1 (1-215 aa) where LEL was preserved, whereas the last 25 amino acids in its COOH-terminal end were deleted. GST-tagged Tspan-1 (ProteinTech Group) and GST (produced in BL-21 E. coli cells and purified by us) were used in GST pulldown assay as described before (2, 19) . Caco-2 cells were lysed in RIPA buffer (Sigma) containing complete protease inhibitor mixture (Roche Diagnostics, Indianapolis, IN), and cleared 14,000 g lysates (0.5 mg protein) were incubated for 2 h with either GST-Tspan-1 (30 g) or GST (30 g) bound to glutathione-Sepharose4B beads (GE Healthcare, Piscataway, NJ). The bound proteins were eluated by 10 mM glutathione, separated in NuPAGE 4 -12% Bis-Tris gradient minigels (Invitrogen, Carlsbad, CA), and analyzed by Western blotting using the rabbit polyclonal anti-hTHTR-1 antibodies.
Coimmunoprecipitation. Caco-2 cells (80 -90% confluence) were transfected with the expression plasmid pFLAG-CMV-2-hTHTR-1 and 48 h after transfection were incubated in a lysis buffer (50 mM Tris·HCl, 100 mM KCl, pH 7.4), containing 1% Triton X-100 and complete protease inhibitor mixture. The lysates were cleared by centrifugation for 20 min at 14,000 g and then incubated with anti-FLAG M2 antibody-conjugated beads (Sigma) overnight at 4°C. Beads were then washed five times with the lysis buffer, incubated in NuPAGE LDS sample buffer, and heated at 70°C for 10 min. Immunoprecipitates were separated in NuPAGE 4 -12% Bis-Tris minigels and analyzed by Western blotting using monoclonal antihTspan-1 antibody and monoclonal anti-FLAG M2 antibody.
Confocal imaging. Confocal imaging was performed on live cells as described by us previously (19, 28) using HuTu-80 cell line stably expressing the hTHTR-1-EGFP. Cells were grown on glass-bottomed Petri dishes (MatTek, Ashland, MA) to reach 80 -90% of confluency and then were transiently transfected with 3 g of pDsRed-C1-Tspan-1 plasmid. Forty-eight hours after transfection, cells were imaged using a Nikon C-1 confocal scanner head attached to Nikon inverted phase contrast microscope. Fluorophores were excited by using a 488-nm line from an argon ion laser, and a 543-nm line from a HeNe ion laser-emitted fluorescence was monitored with a 515 Ϯ 30-nm bandpass (EGFP) or at 570 Ϯ 50 ϩ -nm long-pass (DsRed) filter.
Protein stability assays. HuTu-80 cells stably expressing the hTHTR-1-EGFP were grown on a 12-well plate and at 80 -90% confluence were transfected with 3 g Myc-DDK-tagged human Tspan-1 cloned into pCMV6-Entry vector (or vector alone) with Lipofectamine 2000. Forty-eight hours after transfection, cells were treated with 100 g/ml of cycloheximide. After 0 -12 h of cycloheximide treatment, cells were lysed in RIPA buffer containing complete protease inhibitor mixture, and cell lysates were subjected for Western blot analysis. The separated proteins were probed with the Living Colors GFP monoclonal antibody, followed by a secondary antimouse antibody conjugated to horseradish peroxidase, and then visualized with enhanced chemiluminescence reagent. For normalization, the same blot was probed with the rabbit polyclonal antibody against ␤-actin, followed by a secondary anti-rabbit antibody. Data were normalized to the total amount of cellular ␤-actin.
Thiamine uptake assays. [ 3 H]-Thiamine (15 nM) was added to the incubation medium at the outset of uptake experiment, and the reaction was terminated after 5 min by the addition of ice-cold buffer. Cells were then measured for radioactive content using a scintillation counter. Protein was measured in parallel using a Bio-Rad DC Protein Assay kit (Bio-Rad, Hercules, CA).
Data presentation and statistical analysis. All Western blot analyses and imaging studies were performed on three or more separate occasions with comparable results. Data presented in this report are from a representative set of experiments.
Uptake data are the results of three separate experiments and are expressed as means Ϯ SE (in femtomoles per milligram of protein per time unit). Uptake of thiamine by the carrier-mediated system was determined by subtracting the uptake by passive diffusion (determined from the slope of the line between uptake at a high pharmacological concentration of 1 mM and the point of origin) from the total uptake. Uptake data were analyzed by performing the Student's t-test with statistical significance set at P Ͻ 0.05.
RESULTS

Interaction of hTspan-1 with hTHTR-1 in bacterial cells.
To search for the proteins that are associated with the hTHTR-1, a human intestinal cDNA library was subjected to bacterial two-hybrid screening using as a bait the complete coding sequence of hTHTR-1 (1-497 aa). We used a BacterioMatch II human intestinal cDNA library (primary size 1.67 ϫ 10 6 , Stratagene) constructed in the pTRG plasmid and screened it with the hTHTR-1 cloned in frame into pBT vector. A total of 2.9 ϫ 10 9 colonies were screened that resulted in selection of 68 clones grown on the selective medium containing 5 mM of 3-AT. Dual selective screening (5 mM 3-AT and streptomycin) performed as a next step in our screen led to the identification of seven positive clones. pTRG plasmids (with insert present) from these positive clones were isolated and sequenced. The resulting sequences were used to identify the corresponding interacting proteins in the GenBank database (NCBI). Among seven clones identified in dual screen, one clone was found to represent the open reading frame of hTspan-1 (NCBI accession number NM_005727). To validate this putative protein-protein interaction, competent bacterial cells were retransformed with pBT-hTHTR-1 and the pTRGhTspan-1. The results of validation assay (Fig. 1) confirmed the solid colony growth for hTHTR-1-hTspan-1 interaction pair (as well as for positive control) on the selective screening medium (5 mM of 3-AT). In contrast, no growth was detected for the negative control, i.e., the empty pBT vector and pTRGhTspan-1.
hTspan-1 is associated with hTHTR-1 in vivo in human intestinal epithelial cells. To determine whether hTspan-1 is associated with the hTHTR-1 in vivo in mammalian cells, we performed coimmunoprecipitation assay using the human intestinal epithelial Caco-2 cells. Caco-2 cells transiently transfected with the FLAG-hTHTR-1 were lysed in lysis buffer containing 1% Triton X-100 and then subjected to immunoprecipitation using anti-FLAG M2 antibody. Immunoblot analysis of the immunoprecipitated products (Fig. 2) revealed that the endogenous hTspan-1 coprecipitates together with FLAGhTHTR-1. hTHTR-1 and hTspan-1 from nontransfected cells (negative control) were not detected among the proteins bound to anti-FLAG M2 antibody-conjugated beads. These data demonstrate that hTspan-1 and hTHTR-1 associate in vivo in human intestinal epithelial cells. Furthermore, these data suggest that the association between hTspan-1 and hTHTR-1 is likely to represent a direct protein-protein interaction because it is resistant to treatment with Triton X-100 (6) .
GST-Tspan-1 fusion protein binds hTHTR-1 in human intestinal epithelial cells.
To confirm and further characterize the interaction between hTHTR-1 and hTspan-1, we performed a GST-pulldown assay. Extracts from human intestinal epithelial Caco-2 cells were incubated with glutathione-Sepharose4B beads absorbed with GST-Tspan-1. The results showed that GST-Tspan-1 beads extracted the hTHTR-1 from cell lysates, whereas GST alone (negative control) did not (Fig. 3) .
hTspan-1 colocalizes with hTHTR-1 in human intestinal epithelial cells. HuTu-80 cells stably expressing the hTHTR-1-EGFP were transiently transfected with the construct expressing DsRed-hTspan-1. Confocal imaging was performed 48 h after transfection on living cells. As expected, hTHTR-1-EGFP was restricted predominantly to the plasma membrane. As for DsRed-hTspan-1, expression was found in the plasma membrane as well as in intracellular vesicular compartment. Significant colocalization of hTHTR-1-EGFP and DsRed-hTspan-1 was detected mainly in the plasma membrane (Fig. 4) .
hTspan-1 modulates stability of hTHTR-1 in human intestinal epithelial cells.
Proteins associated with the certain membrane transporters were described to affect different aspects of cell biology/physiology of the transporter including its stability (half-life) (16) . To study the consequence of the interaction between hTspan-1 and hTHTR-1 on cell biology of hTHTR-1, we examined the effect of hTspan-1 on stability of the thiamine transporter. Cycloheximide blocking approach was used in our Fig. 1 . Protein-protein interaction between human thiamine transporter-1 (hTHTR-1) and hTspan-1. BacterioMatch II validation reporter-competent cells were cotransformed using the following pairs of plasmids: 1) pBThTHTR-1 and pTRG-hTspan-1; 2) pBT-LGF2 and pTRG-Gal11 p (positive control); 3) pBT and pTRG-hTspan-1 (negative control). Transformants were grown on selective screening medium (5 mM 3-amino-1,2,4-triazole) at 37°C overnight. Fig. 2 . hTspan-1 coimmunoprecipitates with hTHTR-1 from Caco-2 cells. Caco-2 cells transiently transfected with the FLAG-hTHTR-1 were lysed in lysis buffer containing 1% Triton X-100 and then subjected to immunoprecipitation using anti-FLAG M2 antibody. Immunoprecipitates were separated in NuPAGE 4 -12% Bis-Tris minigels and analyzed by immunoblotting using the anti-hTspan-1 antibodies (A) or anti-FLAG antibodies (B). Control, immunoprecipitate obtained from nontransfected cells. studies. HuTu-80 cells stably expressing the hTHTR-1-EGFP were transfected with Myc-DDK-tagged hTspan-1. Forty-eight hours later, protein synthesis was blocked by adding 100 g/ml of cycloheximide; treatment with cycloheximide was done for up to 12 h. This was followed by measurement of cellular hTHTR-1 protein by means of Western blotting. Cells not expressing Myc-DDK-tagged hTspan-1 served as a control. Results of immunoblotting performed on the control cells (Fig. 5) showed that ϳ70% of cellular hTHTR-1 was degraded in a 12-h treatment; the half-life of hTHTR-1 was estimated to be around 6 h. When hTHTR-1 was coexpressed with hTspan-1, only ϳ45-50% of cellular hTHTR-1 was degraded in 12 h, making the half-life around 12 h. Furthermore, the pattern of degradation of the hTHTR-1 protein was found to be different between cells that coexpress hTspan-1 and those that did not. In the former cell type, the level of hTHTR-1 did not change during the first 4 h of cycloheximide treatment, and then a slight decrease in the degradation was observed after 6 h, followed by a sharp drop until the end of the experiment (12 h posttreatment). In contrast, in cells that were not transfected with hTspan-1, there was a sharp decrease in hTHTR-1 protein amount as early as 2 h following the start of the cycloheximide treatment, which continued throughout the entire experimental period. It is important to notice that at the 6-h mark (the estimated half-life of hTHTR-1), only ϳ10% of hTHTR-1 was degraded in cells expressing the hTspan-1 compared with cells that did not express the protein. These data indicate that hTspan-1 has a significant effect on hTHTR-1 stability, i.e., increasing the half-life of the transporter.
In a related study, we examined the uptake of thiamine (15 nM) by cycloheximide-treated (100 g/ml; 6 h) HuTu-80 cells expressing hTHTR-1 together with hTspan-1 or expressing hTHTR-1 alone. The results (Fig. 6 ) showed a significantly (P Ͻ 0.05) higher thiamine uptake by cells coexpressing hTHTR-1 and hTspan-1 compared with those that expressed hTHTR-1 alone. This finding confirms, at the functional level, the above described Western data and shows that the hTHTR-1 stabilized by hTspan-1 is functional.
DISCUSSION
The existence of accessory proteins that interact with membrane transporters and affect their cell biology and physiology has been well documented in recent years for a variety of transporters including those involved in the uptake of watersoluble vitamins folate and biotin (2, 8, 16, 19, 31, 37) . Such associated proteins can exert posttranscriptional regulatory effects through different mechanisms including an effect on the half-life of the transporter, retention at the cell membrane, and intracellular trafficking (2, 8, 16, 19, 31, 37) . Nothing is presently known about possible existence of accessory proteins(s) that interact with the THTR-1 and THTR-2 in intestinal epithelial cells and affect aspects of their cell biology and function. In this report, we describe a previously uncharacterized interaction between the hTHTR-1 and hTspan-1. We initially detected the association between hTspan-1 and hTHTR-1 in bacterial cells via a bacterial two-hybrid screening of a human intestinal cDNA library with the full coding sequence of hTHTR-1 as a bait. We then confirmed the existence of protein-protein interaction between hTHTR-1 and hTspan-1 in mammalian cell environment (human intestinal epithelial cells) utilizing three independent approaches. In the first approach, we coimmunoprecipitated hTspan-1 with hTHTR-1 from lysates of Caco-2 cells. In the second approach, we used chimeric GST protein containing hTspan-1 to specifically pulldown hTHTR-1 from Caco-2 cell lysates. In the last approach, we performed live cell confocal imaging to show colocalization of hTspan-1 and hTHTR-1 in human intestinal epithelial HuTu-80 cells.
hTspan-1 is a member of the tetraspanin superfamily of proteins, which is composed of more than 33 membrane proteins that contain four transmembrane domains and two extracellular loops (4, 27) . Tetraspanins play important roles in a variety of cellular functions including cell adhesion, cell motility, and intracellular signaling and trafficking (12, 13) . These proteins have the ability to interact with one another and with other proteins, including membrane transporters, and serve as molecular facilitators bringing proteins together to increase the formation and stability of protein complexes (6, 8, 13, 27) .
The ability of tetraspanins to associate with their interacting partners was identified in immunoprecipitation studies using a variety of detergents for extraction procedures that allowed one to reveal different levels of interactions. Thus the choice of detergent for immunoprecipitation assay is critical. It is believed that tetraspanin complexes that are resistant to solubilization in Triton X-100 represent a direct interaction between these proteins and their partners (6) . In our coimmunoprecipitation studies, the extraction procedure was performed with 1% Triton X-100, further indicating that the detected association between hTspan-1 and hTHTR-1 is likely attributable to the direct protein-protein interaction.
Following confirmation that direct interaction between hTHTR-1 and hTspan-1 exists both in vitro and in vivo, we studied the consequences of such an interaction on aspects of hTHTR-1 cell biology and physiology. Thus we examined the effect of hTspan-1 on stability (half-life) of hTHTR-1. HuTu-80 cells stably expressing hTHTR-1 were transfected with hTspan-1, followed by treatment with cycloheximide and measurement of cellular hTHTR-1 protein level. Coexpression of hTspan-1 led to a significant retardation in hTHTR-1 protein degradation and an increase in its half-life; in fact the estimated half-life of the hTHTR-1 protein increased from 6 h in cells that did not express hTspan-1 to 12 h in cells that expressed this accessory protein. The observed increase in protein stability has physiological relevance as shown by the study on thiamine uptake by cells stably expressing hTHTR-1 with and without hTspan-1, where protein synthesis was blocked with the use of cycloheximide (6 h). In that study, a significantly higher thiamine uptake was observed in cells expressing hTspan-1 compared with those that did not express hTspan-1. Thus by enhancing the stability of the hTHTR-1 protein, hTspan-1 ends up exerting a positive influence on the physiological function of the thiamine transporter in human intestinal epithelial cells.
In summary, our study demonstrates for the first time that hTspan-1 is an interacting partner for the hTHTR-1 in human intestinal epithelial cells and that this interaction enhances the stability of the thiamine transporter and thus affects the overall cellular thiamine uptake process.
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